The sagittal orientation and osteoarthritis of facet joints, paravertebral muscular dystrophy and loss of ligament strength represent mechanical factors leading to degenerative spondylolisthesis. The importance of sagittal spinopelvic imbalance has been described for the developmental spondylolisthesis with isthmic lysis. However, it remains unclear if these mechanisms play a role in the pathogenesis of degenerative spondylolisthesis. The purpose of this study was to analyze the sagittal spinopelvic alignment, the body mass index (BMI) and facet joint degeneration in degenerative spondylolisthesis. A group of 49 patients with L4-L5 degenerative spondylolisthesis (12 males, 37 females, average age 65.9 years) was compared to a reference group of 77 patients with low back pain without spondylolisthesis (41 males, 36 females, average age 65.5 years). The patient's height and weight were assessed to calculate the BMI. The following parameters were measured on lateral lumbar radiographs in standing position: L1-S1 lordosis, segmental lordosis from L1-L2 to L5-S1, pelvic tilt, pelvic incidence and sacral slope. The sagittal orientation and the presence of osteoarthritis of the facet joints were determined from transversal plane computed tomography (CT). The average BMI was significantly higher (P = 0.030) in the spondylolisthesis group compared to the reference group (28.2 vs. 24.8) and 71.4% of the spondylolisthesis patients had a BMI [ 25. The radiographic analysis showed a significant increase of the following parameters in spondylolisthesis: pelvic tilt (25.6°v s. 21.0°; P = 0.046), sacral slope (42.3°vs. 33.4°; P = 0.002), pelvic incidence (66.2°vs. 54.2°; P = 0.001), L1-S1 lordosis (57.2°vs. 49.6°; P = 0.045). The segmental lumbar lordosis was significantly higher (P \ 0.05) at L1-L2 and L2-L3 in spondylolisthesis. The CT analysis of L4-L5 facet joints showed a sagittal orientation in the spondylolisthesis group (36.5°vs. 44.4°; P = 0.001). The anatomic orientation of the pelvis with a high incidence and sacral slope seems to represent a predisposing factor for degenerative spondylolisthesis. Although the L1-S1 lordosis keeps comparable to the reference group, the increase of pelvic tilt suggests a posterior tilt of the pelvis as a compensation mechanism in patients with high pelvic incidence. The detailed analysis of segmental lordosis revealed that the lordosis increased at the levels above the spondylolisthesis, which might subsequently increase posterior stress on facet joints. The association of overweight and a relatively vertical inclination of the S1 endplate is predisposing for an anterior translation of L4 on L5. Furthermore, the sagittally oriented facet joints do not retain this anterior vertebral displacement.
Introduction
Degenerative spondylolisthesis was initially described by Junghanns in 1930 [1] . It is defined as slipping of a lumbar vertebra with an intact neural arch and occurs mostly at L4-L5 in adults older than 40 years [2] . Several predisposing factors have been advocated in the physiopathology of this vertebral displacement: the sagittal orientation and osteoarthritis of the facet joints [3] [4] [5] [6] [7] , insufficiency of ligaments and paravertebral muscles [2, 8] , increased body mass index (BMI) [9] and female sexual hormones (sex ratio 4 females/1 male) [2] . The possible influence of pregnancy remains unclear [9, 10] .
The importance of sagittal spinopelvic imbalance has been described for developmental spondylolisthesis with isthmic lysis [11] . However, the spinopelvic alignment might also play a role in the pathogenesis of degenerative spondylolisthesis [12, 13] . The sagittal orientation of the lumbar spine and pelvis, defined as type IV in the Roussouly classification [11] , is characterized by a high pelvic incidence and sacral slope, associated with an important lumbar lordosis (Fig. 1) . With this spinopelvic configuration, the sagittal S1 endplate orientation is relatively vertical, which could represent a predisposing factor for slippage of lumbar vertebrae. An anterior displacement of the center of gravity is usually compensated by a posterior tilt of the pelvis [14] . This mechanism leads to a posterior shift of load which increases the stress on facet joints which might enhance the development of posterior facet joint osteoarthritis.
The purpose of this study was to analyze the sagittal spinopelvic alignment, the BMI and facet joint degeneration in degenerative spondylolisthesis. These parameters were compared to a reference population to verify if morphological parameters (high pelvic incidence and sacral slope) as well as overweight were more frequent in spondylolisthesis patients.
Materials and methods

Patients
Institutional review board approval was obtained for this retrospective study. Two patient groups were compared. The first group consisted of 49 patients with degenerative spondylolisthesis at L4-L5 (Meyerding stages I or II) operated on from January 2003 until December 2006 at our institution. There were 12 male and 37 female patients. Their average age at the time of surgery was 65.9 years and ranged from 44 to 81 years. The reference group consisted of 77 patients with low back pain due to moderate degenerative disc disease, but without spondylolisthesis. There were 41 male and 36 female patients. Their average age was 65.5 years and ranged from 40 to 81 years. Both patient populations were comparable in terms of age. Exclusion criteria were: age less than 40 years, idiopathic or degenerative scoliosis, developmental spondylolisthesis with isthmic lysis, and degenerative spondylolisthesis at a different level than L4-L5, previous spinal fractures, tumors or previous surgery. The patients' clinical and radiographic charts were reviewed by an independent spine surgeon (S.S.).
Clinical measurements
The patient's height and weight were measured preoperatively at the clinics. These data allowed determining the anthropometric characteristics of patients in spondylolisthesis and reference groups by calculating the BMI: weight (kg)/height (m) 2 . The following categories according to the World Health Organization were considered: underweight \ 18.5, normal weight 18.5-24.9, overweight 25-29.9, obesity C 30.
Radiographic measurements
Lateral lumbar radiographs were taken for each patient using a standardized procedure. A constant distance was maintained between the subject and the X-ray source. Each patient was placed in the same comfortable standing position with the upper limbs raised forward on two arms support. With this protocol, T12, the lumbar spine, the sacrum and both femoral heads were clearly visible for subsequent radiographic evaluation. Computer-assisted measurements were made using Spineview software (Surgiview, Paris, France) [15] . After being digitalized, the superior and inferior endplate lines of each vertebra from T12 to S1 as well as the contours of both femoral heads were defined manually using the software. The following radiographic parameters were then obtained automatically with the computer program: lumbar lordosis between the Fig. 1 Physiologic types of sagittal spinopelvic balance according to Roussouly. Type I: low pelvic incidence and low sacral slope with a short caudal lumbar lordosis and a thoracolumbar kyphosis. Type II: low pelvic incidence and low sacral slope with a flat back. Type III: normal pelvic incidence and normal sacral slope with a balanced lumbar lordosis and thoracic kyphosis. Type IV: high pelvic incidence and high sacral slope with an increased lumbar lordosis and a thoracic kyphosis superior endplate of L1 and S1 (Fig. 2) , segmental lordosis from L1-L2 to L4-L5, respectively, between the superior endplate of the upper vertebra and the inferior endplate of the lower vertebra (Fig. 3) , segmental lordosis of L5-S1 between the superior endplate of L5 and S1, pelvic tilt, pelvic incidence and sacral slope (Fig. 4) . The degree of slippage between L4 and L5 was assessed from the same radiographs using the classification of Meyerding [16] .
Computed tomography (CT) measurements
The sagittal orientation of the L3-L4, L4-L5 and L5-S1 facet joints was measured on axial planes of CT images. The level of measurement corresponded to the plane of the upper vertebral endplate of L4 for L3-L4 facet joints, L5 for the level L4-L5 and S1 for L5-S1 joints. The measurements were performed using the OsiriX imaging software version 4.19 (Open Source, Geneva, Switzerland) [17] . A sagittal line was drawn through the center of the vertebral body and the spinous process. A second line was made from the anterior to the posterior tip of the facet joint. The angle formed by these lines was then measured for the right and the left facet joint, respectively (Fig. 5) . Both values were summed and divided by two for further statistical evaluation, in order to consider an average facet joint angle for each level. Furthermore, the presence of osteophytes was considered to define the presence of facet joint osteoarthritis. 
Results
Body mass index
Values of height, weight and BMI for both patient groups are detailed in Table 1 . The average BMI was 28.2 in patients with degenerative spondylolisthesis and 24.8 in the reference group. This difference was significantly higher in the spondylolisthesis group (P = 0.030). In the spondylolisthesis group, 71.4% of the patients presented with overweight and obesity versus 50.6% in the reference group (P = 0.004).
Sagittal spinopelvic alignment
The radiographic parameters describing the spinopelvic alignment are detailed in Table 2 . The analysis showed a significant increase of the following parameters in spondylolisthesis compared to the reference group: pelvic tilt (25.6°vs. 21.0°; P = 0.046), sacral slope (42.3°vs. 33.4°; P = 0.002), pelvic incidence (66.2°vs. 54.2°; P = 0.001), and L1-S1 lordosis (57.2°vs. 49.6°; P = 0.045).
The segmental lumbar lordosis of each segment from L1-L2 to L5-S1 is demonstrated in Table 3 . At the spondylolisthesis level L4-L5, no significant difference was observed when compared to the reference group (11.9°v s. 11.5°; P = 0.535). The same applied to the caudal adjacent segment L5-S1 (18.8°vs. 19.5°; P = 0.865). However, at the cranial adjacent segment L3-L4, the segmental lordosis was higher in the spondylolisthesis group although not statistically clearly significant (12.7°vs. 9.7°; P = 0.068). The segmental lordosis was significantly higher in patients with spondylolisthesis at the levels L1- L2 (4.4°vs. 2.5°; P = 0.038) and L2-L3 (9.5°vs. 6.4°; P = 0.024).
Facet joint orientation
As detailed in Table 4 , the CT analysis evidenced a significantly more sagittal orientation of the L4-L5 facet joints in the spondylolisthesis group compared to the reference group (36.5°vs. 44.4°; P = 0.001). At the adjacent segments, however, the facet joint orientation was similar in both groups at L3-L4 (33.8°vs. 33.3°; P = 0.946) and L5-S1 (46.3°vs. 48.9°; P = 0.217). At L4-L5, osteoarthritis was present in all spondylolisthesis patients, but only in 20 out of 77 patients (26.7%) in the reference group.
Discussion
Several predisposing factors such as sagittal orientation and osteoarthritis of lumbar facet joints, hormonal factors as well as ligament insufficiency play a role in the pathogenesis of degenerative spondylolisthesis [2] [3] [4] [5] [6] [7] [8] . Sagittal spinopelvic imbalance recently appeared to be essential in the management of lumbar degenerative disorders [13] . However, the exact interaction mechanism of sagittal imbalance and aforementioned factors remains unclear. Roussouly et al. [11] described four typical subtypes of sagittal orientation of the lumbar spine and pelvis. Type IV of this classification is characterized by a high pelvic incidence and sacral slope, associated with an important lumbar lordosis. This spinopelvic configuration is associated with a relatively vertical S1 endplate in the sagittal plane. This orientation of the pelvis and sacrum might lead to an anterior displacement of lumbar vertebrae above. Morel et al. [18] found an increased average pelvic incidence of 62.6°in patients with spondylolisthesis versus 54.7°in a reference population. Barrey et al. [12] also measured a high pelvic incidence of 60.1°in degenerative spondylolisthesis compared to 52.0°in a control group. The results of our study are consistent with these previous findings. The average pelvic incidence was 66.2°in spondylolisthesis versus 54.2°in the reference group. Pelvic incidence represents a constitutional anatomic parameter in each individual. An increased pelvic incidence is usually associated with a high sacral slope, although variations are possible, because this parameter depends on the standing position. In spondylolisthesis patients, Morel et al. [18] measured a sacral slope of 37.0°, Barrey et al. [12] found an average value of 40.1°, and it was 42.3°in the present study compared to 33.4°in the control group. Pelvic incidence and sacral slope were found to be significantly higher in these three populations of spondylolisthesis patients compared to reference groups. Further than high pelvic incidence and sacral slope that might facilitate an anterior slippage of L4 on L5, the ventral shift of the trunk and the center of gravity have been advocated as another possible aggravating factor in spondylolisthesis [13] . Full spine lateral standing radiographs were not systematically available for our patients, which might represent a certain limitation of our study because the C7 plumbline could not be systematically determined. However, anthropometric data aimed to characterize the morphology of the patient and the occurrence of overweight were assessed. The analysis of their height and weight revealed that 71.4% of the spondylolisthesis patients had a BMI [ 25 compared to 50.6% in the reference population. Jacobsen et al. [9] analyzed the crosssectional epidemiological data of the Copenhagen Osteoarthritis Study and demonstrated a strong correlation between overweight and the incidence of degenerative spondylolisthesis. The BMI remains a global anthropometric parameter describing a spondylolisthesis population which is often characterized by overweight. This overweight might lead to an increased axial load of the L4-L5 disc and facet joints, but it might also lead to an anterior displacement of the trunk and enhance the risk of degenerative spondylolisthesis (Fig. 6c ).
An anterior displacement of the center of gravity is usually compensated by a posterior tilt of the pelvis [11, 14] . Guigui et al. [19] reported average values for pelvic tilt in healthy young individuals: 13.7°in females and 12.7°in males. Reference values reported on by Skalli et al. [14] range between 0°and 25°, the average pelvic tilt is around 12°with a standard deviation from 7°to 20°. Compared to these values, in our reference group made of patients from 40 to 81 years with low back pain, the average pelvic tilt of 21.0°was relatively high. This might be due to the fact that lumbar degenerative disorders other than spondylolisthesis were frequent in these patients. Barrey et al. [13] found an increased pelvic tilt in patients with degenerative disc disease. They emphasized that the pelvis tilts backward to decrease intradiscal pressure and lumbar pain. This theory possibly explains the occurrence of elevated values in our reference group with a range of ages comparable to the spondylolisthesis group. However, patients with spondylolisthesis had a significantly higher pelvic tilt of 25.6°on average, which exceeds the upper limit of normal range. This clear increase of pelvic tilt describes a population of patients with overweight and a posterior tilt of the pelvis, which possibly occurs to counterbalance an anterior displacement of the trunk (Fig. 6d) . Lumbar lordosis between L1 and S1 ranges around 60°o n average, with a standard deviation from 50°to 70°, and extreme values between 40°and 80° [14] . Guigui et al. [19] found an average L1-S1 lordosis of 61.0°in young healthy subjects. In comparison, patients in our reference group presented a relatively low lordosis of 49.6°, although they had a normal pelvic incidence of 54.2°. This loss of global lumbar lordosis is possibly explained by lower lumbar disc degeneration. In our patients with spondylolisthesis, the L1-S1 lordosis of 57.2°was comparable to normal values from the literature above, although their pelvic incidence was high at 66.2°. Their standing position with a posteriorly tilted pelvis might decrease their lumbar lordosis which would theoretically be higher according to the classification of Roussouly et al. [11] .
The detailed analysis of segmental lordosis showed that the levels L4-L5 and L5-S1 were comparable in patients with spondylolisthesis and in those who had low back pain without slippage of L4 on L5. When comparing our results to a population of young volunteers analyzed by Guigui et al. [19] , the loss of segmental lordosis becomes evident in older patients. The average L4-L5 segment measured 24.6°and the L5-S1 segment measured 24.0°in their study. The L4-L5 segment measured 11.9°in the spondylolisthesis group and 11.5°in the reference group, and the segmental lordosis of L5-S1 was 18.8°and 19.5°, respectively. These lower values might be explained by the presence of degenerative disc disease in our patients which leads to a decrease of the intersomatic height compared to a young population. Chen and Wei [20] defined an index which describes the disc height of L4-L5 and which was found to be significantly decreased in patients with degenerative spondylolisthesis. When analyzing the cranial levels, it became evident that the segmental lordosis of L1-L2 and L2-L3 was significantly increased in spondylolisthesis patients compared to the reference group (P = 0.038 and P = 0.024, respectively). An increase of L3-L4 was also noted although not clearly statistically significant (P = 0.068). These findings describe that the levels above the spondylolisthesis hyperextend and that the lordosis increases in the cranial zone of the lumbar spine. Morel et al. [18] found that the loss of lordosis occurred in the sector L3-S1 in patients with degenerative spondylolisthesis, which is probably due to disc degeneration of lower lumbar levels and the posterior pelvic tilt. On the other hand, our results demonstrate that the segmental hyperlordosis occurs above L4-L5, as a possible compensation mechanism of lower lordosis decrease, posterior tilt of the pelvis and overweight leading to an anterior trunk displacement. Further than overweight, hyperlordosis of cranial lumbar segments increases posterior stress on L4-L5 facet joints, as suggested by Beckers and Bekaert [21] .
The sagittal orientation of lumbar facet joints has been incriminated as a cause of degenerative spondylolisthesis by several authors [5, 22, 23] . Biomechanically, the facet joints share load in compression and extension [24] , but they also control excessive axial rotation and anterior shear forces due to their anatomical orientation [25] . It, therefore, has been argued that a more sagittal alignment of the facet joints leads to anterior gliding due to a reduced resistance to anterior shear forces [23, 26] . As demonstrated by Boden et al. [23] and Toyone et al. [27] , the results of our study showed a significant increase (P = 0.001) of sagittal facet joint orientation at the level L4-L5 in spondylolisthesis patients compared to the reference group. Contrarily to the findings of those authors, who described a greater sagittal orientation of the facet joints also at adjacent levels, the L3-L4 and L5-S1 facet orientation was comparable in both of our patient groups. Fujiwara et al. [4] and Chaput et al. [6] considered the sagittal alignment as the result of osteoarthritis and facet joint effusion. On the other hand, Berlemann et al. [28] regarded the presence of osteoarthritis as a secondary remodeling of the joint orientation rather than a pre-existing morphological feature. Further factors, such as overweight and hyperlordosis of segments cranial to L4-L5, may increase the stress on facet joints. These factors, added to osteoarthritis and sagittal alignment Fig. 6 Influence of spinopelvic alignment and overweight on degenerative spondylolisthesis. a Normal pelvic incidence and normal lumbar lordosis; b high pelvic incidence and high lumbar lordosis; c high pelvic incidence and high lumbar lordosis ? overweight; d high pelvic incidence and high lumbar lordosis ? overweight ? decrease of pelvic tilt (compensation mechanism); e decompensation of spinopelvic balance resulting in degenerative spondylolisthesis of facet joints, lead to segmental instability of L4-L5. Shear forces may not sufficiently be compensated and an anterior slippage of L4 on L5 occurs (Fig. 6e) .
Conclusion
In patients with degenerative spondylolisthesis, the anatomic orientation of the pelvis with a high incidence and sacral slope seems to represent a predisposing factor for degenerative spondylolisthesis. The association of overweight and a relatively vertical inclination of the S1 endplate is predisposing for an anterior translation of L4 on L5. The posterior tilt of the pelvis suggests a compensation mechanism in patients with high pelvic incidence and a normal lumbar lordosis. Segmental lordosis is decreased at L4-L5 and L5-S1 as a result of degenerative disc disease and posterior pelvic tilt. Lordosis increases at the levels above L4-L5, as a compensation of decreased caudal lordosis and overweight, which might enhance posterior stress on facet joints. Furthermore, the sagittally oriented and osteoarthritic facet joints do not retain anterior shear forces and the subsequent vertebral displacement.
